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I. INTRODUCTION
Exceptionally striking dielectric and piezoelectric properties are found in PbZr 1Ϫx Ti x O 3 ͑PZT͒, the perovskite-type oxide system that is the basis of practically all transducers and other piezoelectric devices. This solid solution is cubic at high temperatures but becomes slightly distorted at lower temperatures, where it is ferroelectric. Except for a narrow region close to PbZrO 3 , the ferroelectric phase is divided in two regions of different symmetry, rhombohedral for Zr-rich compositions and tetragonal for Ti-rich compositions. The highest piezoelectric response in this system is found at the boundary between these two phases, at xӍ0. 47 ; the so-called morphotropic phase boundary ͑MPB͒. The term ''morphotropic'' was coined by Jaffe et al. 1 and means literally ''the boundary between two forms.'' However, it is usually assumed to mean nearly vertical, i.e., composition independent. The PZT phase diagram for compositions around the MPB is shown in Fig. 1 , where the open circles represent the data of Jaffe et al., 1 which define the MPB above room temperature. The sharpness of this line is such that a composition fluctuation of ⌬xϭ0.01 corresponds to a temperature uncertainty of ⌬TӍ90 K. Recently, high-resolution x-ray diffraction measurements on extremely homogenous samples by Noheda et al. showed that an intermediate monoclinic phase exists between the rhombohedral and tetragonal PZT phases. [2] [3] [4] The observation of this monoclinic phase in two different compositions, xϭ0.48 2, 4 and xϭ0. 50 , 3 has allowed a preliminary modification of the phase diagram, as shown in Fig. 1 . Furthermore, the discovery of this phase around the MPB in PZT answers many of the questions raised by previous investigators [5] [6] [7] [8] [9] [10] about the nature of the MPB and the underlying basis for the special physical properties of PZT in this region of the phase diagram, especially in the context of the coexistence of rhombohedral and tetragonal phases.
The monoclinic unit cell is doubled with respect to the tetragonal one and has b as the unique axis. a m and b m are directed along the pseudocubic ͓1 1 0͔ and ͓11 0͔ directions, respectively, while c m is close to the tetragonal c axis, along ͓001͔, but tilted away from it such that the angle ␤ between a m and c m is slightly larger than 90°. This monoclinic phase has unique characteristics in comparison to all other ferroelectric perovskite phases. The polar axis is not determined by symmetry and can be directed anywhere within the monoclinic ac plane; that is, the polar axis is allowed to rotate within this plane. In the case of PZT, the pseudocubic ͓111͔ and ͓001͔ directions are contained within the monoclinic plane and the monoclinic polar axis is tilted away from the polar axis of the tetragonal phase ͓001͔ towards that of the rhombohedral phase ͓111͔. 4 As has already been pointed out by other authors, [11] [12] [13] the diffraction data show clearly that the local structure of PZT differs from that of the average one. A structure analysis of rhombohedral PZT by Corker et al. 13 indicated that the Pb and Zr/Ti cations in the Zr-rich compositions are distributed among three locally disordered sites with monoclinic symmetry ͑see the gray circles in the top left plot of Fig. 1͒ , resulting in average rhombohedral symmetry ͑black circle in the top left plot of Fig. 1͒ . 4 In a similar structure analysis of tetragonal PZT close to the MPB, 4 the diffraction data were shown to be consistent with Pb and Zr/Ti cations distributed among four locally disordered cation sites with monoclinic symmetry, resulting in average tetragonal symmetry. 4 In recent years, the development of first-principles calculations applied to the study of ferroelectric perovskites has contributed greatly to the understanding of the physical properties of these materials ͑see, e.g., Refs. 14-19͒. The incorporation of a compositional degree of freedom to allow for the study of solid solutions has been an important advance, which has opened up the possibility of investigating more complex ferroelectric materials such as PZT and related systems. [20] [21] [22] [23] [24] [25] [26] Very recently, Bellaiche et al. 27 have succeeded in deriving the monoclinic phase of PZT from firstprinciples calculations. These authors also show that the value of the piezoelectric coefficient calculated, taking into account rotation of the polarization vector in the monoclinic plane, is in good agreement with the high values observed in PZT.
In the present paper, the stability region of the monoclinic phase in PZT is characterized by means of synchrotron x-ray powder-diffraction measurements made on PZT compositions at closely spaced intervals in the range xϭ0.42Ϫ0.52. The monoclinic phase is observed at 20 K for 0.46рx р0.51, and this composition range narrows as the temperature increases. The transition temperature between the tetragonal and monoclinic phases is very steep as a function of composition and coincides with the previously mentioned MPB of Jaffe et al. 1 above ambient temperature.
II. EXPERIMENT
PZT samples with xϭ0.42, 0.45, 0.46, 0.47, 0.50, 0.51, and 0.52 were prepared by conventional solid-state reaction techniques similar to those used previously for PZT with x ϭ0.48. 4 During the calcination, two steps were used. First, the desired solid solution was formed at 900°C using the appropriate amounts of reagent-grade powders of lead carbonate, zirconium oxide, and titanium oxide with chemical purity better than 99.9%. Second, the formed product was pulverized and allowed to reach homogeneity by heating for 6 h at 850°C ͑lower than the temperature at which PbO evaporates͒. Pellets were then pressed using an organic binder and, after burnout of the binder, heated to 1250°C at a ramp rate of 10°C/min, held at this temperature in a covered crucible for 2 h, and cooled to room temperature. During sintering, PbZrO 3 was used as a lead source to maintain a PbO-rich atmosphere. Several sets of high-resolution synchrotron x-ray powderdiffraction measurements were made on different occasions at beam line X7A at the Brookhaven National Synchrotron Light Source. Data were collected from the ceramic disks in symmetric flat-plate reflection geometry using -2 scans over selected angular regions in the temperature range 20-750 K. The sample was rocked 1°Ϫ2°during data collection to improve powder averaging. In all these experiments a Ge͑111͒ double-crystal monochromator was used to provide an incident beam with a wavelength close to 0.7 Å . A Ge͑220͒ crystal analyzer and scintillation detector were mounted in the diffracted beam, giving an instrumental resolution of about 0.01°on the 2 scale. As described in Ref. 4 , measurements above room temperature were performed with the disk mounted inside a wire-wound BN tube furnace. The accuracy of the temperature in the furnace is estimated to be about 10 K. For low-temperature measurements, the pellet was loaded in a closed-cycle He cryostat, which has an estimated temperature accuracy of 2 K. With this type of diffraction geometry, it is not always possible to eliminate preferred orientation and texture effects, but the peak positions, on which the present results are based, are not affected.
In many cases the peak profiles were quite complex, necessitating a very detailed and careful peak-fitting analysis. The peak positions were determined from least-squares fits to the profile recorded for each of the selected regions. A pseudo-Voigt peak shape function with an asymmetry correction was used, 28 and factors such as anisotropic peak widths, coexisting phases, and diffuse scattering between peaks were taken into account. The lattice parameters of individual phases were obtained from fits to the observed peak positions for several reflections. Because of the complicated peak shapes, we found that the above procedure gave more consistent results than standard profile-fitting programs.
Examples of selected regions of the diffraction patterns for the three PZT phases, tetragonal ͑top͒, monoclinic ͑cen-ter͒, and rhombohedral ͑bottom͒, around the morphotropic phase boundary are shown in Fig. 2 . The narrow width of the peaks demonstrates the excellent quality of the ceramic samples and allows the specific characteristics of each phase to be clearly distinguished. In particular, the monoclinic phase exhibits unique features that cannot be accounted for by either of the other phases or a mixture of them. In the monoclinic phase, the unit cell is doubled in volume with respect to the tetragonal one, with a m and b m lying along the tetragonal ͓1 1 0͔ and ͓11 0͔ directions, and c m tilted slightly Fig. 2 ͑center͒ is defined as 2ͱ2c m /(a m ϩb m ), in order to correspond to the c t /a t ratio in the tetragonal case ͑top͒.
III. PHASE TRANSITIONS
The evolution of the different structures as a function of temperature has been determined for all the PZT samples in the present study (xϭ0.42, 0.45, 0.46, 0.47, 0.51, and 0.52͒ and combined with previous data obtained for xϭ0. 48 and xϭ0.50. [2] [3] [4] These results give a complete picture of the phase transitions occurring around the morphotropic phase boundary from 20 to 700 K. Three different low-temperature phases, with rhombohedral, monoclinic, and tetragonal symmetry, are observed. An important result is that the MPB defined by Jaffe et al. 1 is shown to correspond to the limit of the monoclinic phase rather than that of the rhombohedral phase and is a very robust line that is reproduced for all the samples under investigation. Both the tetragonal-monoclinic and the tetragonal-rhombohedral phase transitions will be described in this section, as well as the rhombohedralrhombohedral phase transitions observed for xϭ0.42 at lower temperatures.
A. Tetragonal-monoclinic phase transition
The tetragonal phase in PZT is very similar to that of pure PbTiO 3 . [29] [30] [31] The effects of Zr substitution on the structure of the tetragonal phase are basically two: first, as the Zr content increases, the tetragonal strain c t /a t decreases, and, second, the cubic-to-tetragonal phase transition evolves from first order to second-order. Figure 3 ͑top͒ shows the lattice parameters of PZT with xϭ0.51 as a function of temperature. The paraelectric-ferroelectric phase transition at T Ӎ660 K is of second order, as expected, 32 and the ferroelectric phase is purely tetragonal down to 100 K. Below this temperature, structural changes can be noticed; in particular, the tetragonal (h0h) t and (hhh) t reflections broaden markedly. This is apparent in the lower part of Fig. 3 , where the pseudocubic (220) pc reflections are shown at high temperature ͑right͒, at an intermediate temperature ͑center͒, and at low temperature ͑left͒. Based on a careful peak-fitting analysis, the broadening at low temperatures of these reflections can be attributed to two separated peaks, consistent with the monoclinic symmetry observed in PZT with xϭ0.48, 4 also illustrated in Fig. 2 . However, the monoclinic distortion is quite small, with a m Ӎb m and ␤Ӎ90.2°. Similar behavior was observed for a sample of PZT with xϭ0.50 ͑Ref. 3͒ prepared under slightly different conditions, to be discussed later. As seen from Fig. 3 , the monoclinic angle ␤ is small, and the tetragonal-to-monoclinic transition temperature can only be approximately defined at T T-M Ӎ50 K. On the other hand, data collected from PZT with xϭ0.52 show a welldefined tetragonal phase down to 20 K.
The evolution of the lattice parameters with temperature for PZT with xϭ0.46 is shown in Fig. 4 ͑top͒. The features displayed by this composition are similar to those of PZT with xϭ0. 48 . 4 A comparison with the latter data at low temperatures shows that the monoclinic angle ␤ is larger for x ϭ0.46 than for xϭ0. 48 . With decreasing x ͑Ti content͒, the differences between a m and b m also increase, while the difference between a m and c m decreases, corresponding to the evolution to a rhombohedral phase in which '' a m ϭb m ϭc m '' 4 . The monoclinic phase is very well defined at low temperatures, as shown by the pseudocubic (110) pc reflections plotted at the bottom left of Fig. 4 . The evolution of ␤Ϫ90°shows a transition to a tetragonal phase at T TϪM Ӎ450 K, in agreement with the MPB of Jaffe et al. However, the characteristic features of the tetragonal phase also appear well below this temperature, and there is a wide region of phase coexistence between the tetragonal and monoclinic phases, as shown in the central plot at the bottom of the figure. In this plot, the peak positions for the pseudocubic (110) pc reflections corresponding to the monoclinic and tetragonal phases are shown together with the experimental data. From the observed data, a reliable peak-fitting analysis can be carried out and the lattice parameters determined for both phases in this region, as plotted as a function of temperature at the top of Fig. 4 . The measurements on PZT with xϭ0. 47 show similar behavior, but with a narrower coexistence region ͑300 K ϽTϽ400 K͒. For this composition the evolution of the order parameter, (␤Ϫ90°), suggests a tetragonal-to-monoclinic phase transition at T T-M Ӎ 310 K, very close to that observed for xϭ0.48, but the sample is not fully tetragonal until the temperature is greater than 400 K, corresponding to the MPB of Jaffe el al. for this composition.
B. Tetragonal-rhombohedral phase transition
A similar analysis for PZT with xϭ0.45 yields completely different results, as shown by the evolution of the (200) pc reflection in the lower part of Fig. 5 . At low temperature the sample is rhombohedral ͑left͒ and remains rhombohedral up to TӍ500 K, while for TϾ550 K, this composition is tetragonal. Some diffuse scattering is observed between the tetragonal peaks, as shown in the bottom right of Fig. 5 . This feature is present in all compositions in the study, as previously noted in Ref. 4 , and is associated with the existence of twin boundaries in the tetragonal ferroelectric phase. 33 From the evolution of the order parameter (90°Ϫ␣ r ), it is possible to determine that the tetragonalrhombohedral phase transition is complete at T T-R Ӎ580 K. A coexistence region is observed in the interval 500 K ϽT Ͻ580 K. In the central plot at the bottom of the figure, the (200) pc reflection in this region is depicted together with the calculated peak positions for both phases.
C. Low-temperature rhombohedral phase
The data obtained for the PZT sample with xϭ0. 42 show that this composition has rhombohedral symmetry all the way down to 20 K from the Curie point at T c Ӎ650 K. At 20 K, the rhombohedral lattice parameters are aϭ4.0921 Å and ␣ r ϭ89.61°. With increasing temperature, the rhombohedral angle ␣ r increases gradually until the cubic phase is reached, while a remains practically constant.
Two different rhombohedral phases have been observed in PZT: a high-temperature phase (F R(HT) ) and a lowtemperature rhombohedral phase (F R(LT) ) 34 , which have space groups R3m and R3c, respectively. In the latter phase, adjacent oxygen octahedra along the ͓111͔ polar axis are rotated about this axis in opposite directions, so that the unit cell is doubled with respect to the high-temperature phase. 35, 36 The corresponding phase boundary was also determined by Jaffe et al. 1 in the region of the phase diagram above room temperature. An extension of this boundary below room temperature was reported in a neutron powderdiffraction study by Amin et al., 37 who investigated the superlattice peaks from a sample with xϭ0.40 and found the transition temperature to occur at about 250 K. In the present work, we were also able to observe very weak superlattice peaks from a composition with xϭ0.42 below room temperature in the synchrotron x-ray patterns. The phase boundary in this case was found to lie at approximately 175 K ͑see Fig. 6͒ . We have also observed one very weak superlattice peak in a recent neutron diffraction study of a sample with xϭ0.48 at 20 K. This peak can be indexed in terms of a monoclinic cell with a doubled c axis, but the nature of the distortion and any possible relationship with that in the low-temperature rhombohedral phase has not yet been determined.
IV. DISCUSSION
The results presented above are summarized and compared with previous data from xϭ0.48 and xϭ0.50 in Fig. 6 , which represents the new PZT phase diagram around the MPB. The data obtained for the tetragonal-͑monoclinic/ rhombohedral͒ transition temperatures for 0.45ϽxϽ0.51 are very consistent and lie on a well-defined line, which reproduces the MPB of Jaffe et al. 1 above ambient temperature. The boundary between the rhombohedral and monoclinic regions is shown as a vertical line between 0.45ϽxϽ0.46, since no evidence of a monoclinic-rhombohedral phase transition has been observed. The lattice parameters at 20 and 300 K for the compositions under study are listed in Table I , which also shows clearly the widening of the monoclinic region at lower temperatures. Figure 7 shows the evolution of the lattice parameters of the different phases as a function of composition at 300 K, from the rhombohedral to the tetragonal PZT phases via the monoclinic phase. At the top of FIG. 5 . ͑Color͒ Temperature evolution of the lattice parameters of PZT with xϭ0.45 from 20 K to 710 K, for the rhombohedral, a and ␣ r ; tetragonal, a t and c t ; and cubic, a c , phases. The dashed area in the figure represents the region of tetragonal and rhombohedral phase coexistence. At the bottom of the figure, the pseudocubic ͑200͒ reflection is plotted at 461 K ͑rhombohedral phase͒, 537 K ͑tetragonal-rhombohedral phase coexistence͒, and 591 K ͑tetragonal phase͒, where the calculated peak positions are indicated by dashed arrows in the rhombohedral phase and solid arrows in the tetragonal phase.
the figure, the unit-cell volume shows an essentially linear behavior with composition in the range studied. The monoclinic angle ␤ and lattice strain c/a at 300 K are also plotted as a function of composition in Fig. 7 , where the rhombohedral cell with lattice parameters a and ␣ r ͑see Table I͒ has been expressed in terms of the monoclinic cell. 38 c/a corresponds to c t /a t , 2ͱ2c m /(a m ϩb m ), and 1, in the tetragonal, monoclinic, and rhombohedral cases, respectively. ␤ is 90°f or a tetragonal cell and is the monoclinic angle for the monoclinic cell. The role of the monoclinic phase as a ''bridge'' between the tetragonal and rhombohedral phases in PZT is clearly demonstrated in these plots. The monoclinic phase has also been observed by Raman scattering in a very recent paper by Souza Filho et al. 39 The structural studies reported here, together with those in Refs. 2-4, comprise data from ten samples from two different origins spanning the composition range 0.42рxр0.52. Only one of these samples was inconsistent with the picture TABLE I . Lattice parameters at 20 and 300 K for PZT, with x in the range 0.42-0.52. The symmetry S of the unit cell, rhombohedral (R), monoclinic (M ), or tetragonal ͑T͒ is indicated in each case. For rhombohedral symmetry aϭbϭc, and ␣ r is the rhombohedral angle. In the monoclinic case, ␤ is the monoclinic angle. In the tetragonal case aϭbϭa t , and ␤ϭ90°. shown in Fig. 6 , namely, PZT with xϭ0.47 described in Ref. 3 . For this composition, it was found that the tetragonal phase transformed to a rhombohedral phase at low temperatures, while at intermediate temperatures, a poorly defined region of coexisting phases was observed. On the other hand, the data for the xϭ0.47 sample studied in the present work shows, as described above, characteristics similar to those of xϭ0.46 or xϭ0.48; in particular, the existence of a monoclinic phase at low temperatures and no traces of a rhombohedral phase. It is noteworthy that an analysis of the peak widths in the cubic phase shows clear differences in the microstructure of the two sets of samples. The microstrain ⌬d/d, and crystallite size of the samples used in the present study are estimated to be about 3ϫ10 Ϫ4 and 1 m, respectively. 4 40, 41 presumably through the formation of non-180°d omains, 42 and the monoclinic phase is stabilized. It is interesting to address the question of why the monoclinic phase was not observed in any of the previous studies. One important factor is the very superior resolution of synchrotron powder-diffraction equipment compared to that of laboratory equipment. A second is the presence of wide regions of rhombohedral-tetragonal phase coexistence in many of these studies, due to compositional fluctuations and/or small grain sizes, 8, [43] [44] [45] [46] which would obscure the evidence for monoclinic symmetry. For samples prepared by conventional ''dry'' solid-state techniques, a much narrower range of compositional fluctuations and large grain size can be achieved by the use of a final heat treatment at 1250°C, as in the present case, or by the use of ''semiwet'' methods of synthesis and lower firing temperatures. [47] [48] [49] [50] However, perhaps the key element for clarifying the phase diagram is to carry out the structural studies at low temperatures, as clearly demonstrated in Fig. 6 .
Very recently, experiments on poled samples by Guo et al. 51 have further underlined the crucial role of the monoclinic phase in PZT. These experiments have revealed that poling induces the monoclinic distortion. The application of an electric field causes the rotation of the polar axis and an associated monoclinic distortion, which is retained after the field is removed. These features are shown to be the origin of the high piezoelectric response in PZT. It is observed that for rhombohedral PZT close to the MPB, the region of stability of the monoclinic phase increases after an electric field is applied. The field-induced monoclinic phase is found to be considerably wider on the Zr side of the phase diagram, at room temperature, extending at least to a Ti content of x ϭ0.42. These experiments 51 validate the microscopic model for the MPB proposed in Ref. 4 ; i.e., the application of a field would favor one of the local sites, which corresponds exactly to the observed monoclinic distortion ͑see the dashed arrow in the top left plot of Fig. 1͒ , and induces the monoclinic phase ͑see the top right plot in Fig. 1͒ . Further studies of the poled samples are in progress, and will be reported in a subsequent publication.
